Summary. In the present study of (which binds to \p=n-\SH groups) or 1 mm-copper (which promotes oxidation of \p=n-\SH groups to \ p=n-\ S\ p=n-\ S\ p=n-\ ) resulted in a significant increase in the proportion of cells with stable nuclear chromatin. However, the stabilizing effects of zinc could be reversed with continued washing of the cells, whereas the nuclei of copper-treated cells remained stable to SDS after additional washing. We conclude that (1) the number of spermatozoa with nuclei that are insufficiently stabilized by disulphide bonds is much higher in the semen of fertile men than was previously thought, (2) significant differences exist among fertile men in the proportions of ejaculated spermatozoa extensively stabilized by disulphide bonds, and (3) removal of seminal plasma and/or cellular contaminants (zinc) is necessary to unveil the instability of the nuclear chromatin in the ejaculated spermatozoa of fertile men.
Introduction
Human spermatozoa, like those of other mammals, are not fully mature when released from the seminiferous epithelium and must complete maturation during transit through the epididymis. The changes in human sperm function which take place within the epididymis include development of the capacity for progressive motility (Belonoschkin, 1942; Bedford, Calvin & Cooper, 1973b) , and perhaps the capacity to fertilize the ovum (Hinrichsen & Blaquier, 1980) . The changes within the sperm cell which underlie the development of these functions include alterations of the sperm surface and structural reinforcement of the sperm midpiece and tail which results from the formation of disulphide bonds (Bedford et al, 1973b) . The simultaneous formation of disulphide bonds within nuclear protamines results in an increase in the stability of the sperm nucleus during epididymal passage (Bedford et al, 1973b; Saowaros & Panyim, 1979) . Thus, human spermatozoa appear to require epididymal maturation in order to achieve fertility as do the sperm cells of laboratory animals (Orgebin-Crist, 1969; Bedford, 1975) .
In apparent contrast to other mammals, however, the transit time of spermatozoa through the human epididymis is very short (Amann & Howards, 1980) , and highly variable among individuals (Rowley, Teshima & Heller, 1970) . It is not surprising, therefore, that the human ejaculate contains spermatozoa with various degrees of nuclear stability (Bedford, Bent & Calvin, 1973a) . When ejaculated human spermatozoa were exposed to a detergent, sodium dodecyl sulphate (SDS), alone or in combination with the disulphide bond-cleaving agent dithiothreitol (DTT) (Bedford et al, 1973a ), significant heterogeneity was observed amongst spermatozoa in the same ejaculate as well as between ejaculates from different semen donors in the degree of nuclear chromatin decondensation (Bedford et al, 1973a; Kvist & Eliasson, 1980) . Irregularities in the nuclear chromatin condensation of bull spermatozoa have been associated with infertility (McCosker, 1969; Evenson, Darzynkiewicz & Melamed, 1980) , and it has been suggested that there may be a relationship between human male infertility or embryopathy and sperm nuclear stability in vitro (Bedford et al, 1973a; Evenson et al, 1980) . All previous studies of human sperm . In each ejaculate, percentage motility and mean swimming speed were determined from a sample of 50 cells. The morphology of 50 immobilized spermatozoa per sample was also assessed by videomicrography (Overstreet, Price, Blazak, Lewis & Katz, 1981) .
Assessment of the nuclear stability ofspermatozoa A 40 µ aliquot of the sperm suspension was mixed with 0-36 ml of a 1% (w/v) sodium dodecyl sulphate (SDS) solution prepared in 0-05 M-sodium borate buffer (pH 9-0) (Bedford et al, 1973a) . SDS is an anionic detergent which disrupts non-covalent bonds and has been shown to remove the plasma membrane and acrosomal membranes from mammalian spermatozoa (Calvin & Bedford, 1971 (1979) . The medium contained 3 mg bovine serum albumin (BSA, Sigma, Fraction V)/ml and is hereafter referred to as BWW medium. The resulting sperm suspensions were centrifuged for 6 min at approximately 500 g, the supernatant was removed, and the pellet was re-suspended in 0-5 ml BWW medium. The spermatozoa studied at this stage were considered to be washed once (i.e. 1 wash). Such washing procedures are typical of those employed when human spermatozoa are prepared for in-vitro interaction with human or zona-free hamster ova (e.g. Yanagimachi et al, 1979) . For the second and all additional washes, the sperm suspension was diluted to a total volume of 5 ml with BWW medium, re-centrifuged and re-suspended in BWW medium as previously described. A total of 5 washes was conducted. Before washing, and after the first, third and fifth washes, the percentages of motile cells were determined by videomicrography and nuclear stability was assessed after 1 h of treatment in SDS. Semen samples from 10 fertile men were studied in this experiment.
Experiment 2. To assess the effects of the supernatant fluid on the degree of nuclear chromatin decondensation of washed spermatozoa, the sperm pellet resulting after the fifth centrifugation was divided into three aliquots. These were resuspended in 0-2 ml of the supernatant from the first wash, the supernatant of the third wash, or fresh BWW medium. After 10 min the cells were added to the SDS solution and nuclear stability was assessed 1 h later. The experiment was replicated 4 times with semen from 4 different fertile donors.
Experiment 3. To assess the effects of zinc and copper on the nuclear decondensation of washed human sperm, 40 µ1 aliquots of ZnCl2 (prepared in 1 mM-HCl plus 137 mM-NaCl) or CuCl2 (prepared in the same diluent) were added to 5 washed sperm suspensions (0-36 ml) to a final concentration of 1 mM-zinc or 1 mM-copper. Copper is believed to promote the oxidation of free sulphydryl groups (-SH) to disulphide bridges (-S-S-), whereas zinc binds to free sulphydryl groups but does not promote their oxidation to disulphides (see Calvin, Yu & Bedford, 1973 (Eliasson, 1975 (Calvin, 1976) . The formation of -S-S-bonds is thought to occur during sperm transport through the epididymis (Bedford et al, 1973a) , and the epididymal transit time as well as the epididymal environment may play a role in the regulation of the stabilization process (Calvin & Bedford, 1971 ). The biological importance of sperm chromatin stability is not known, but a rigid sperm nucleus may be required for successful transport in the female reproductive tract and for penetration of the ovum vestments . It has also been suggested that instability of the nucleus may be associated with male infertility and/or reproductive failure after fertilization (Bedford et al, 1973a (Bedford et al, 1973a (Bedford et al, 1973a) . Our experiments indicate that assessment of sperm nuclear stability in the presence of seminal plasma results in an artificially high assessment of stable sperm nuclei which is an artefact of the interaction of seminal plasma components (probably zinc) with the demembranated sperm head. When samples from some of our donors were re-examined after washing to remove the seminal plasma, only 46% of the nuclei remained stable in SDS and all of the 10 donors had fewer than 70% stable sperm nuclei after SDS treatment; 40% of the group had fewer than 50% stable cells.
Bedford et al (1973a) suggested that decondensation of the sperm nucleus in SDS alone reflected an abnormality of testicular origin and that this might be associated with male infertility. The high degree of nuclear chromatin instability (up to 88% of cells undergoing nuclear decondensation) which we have seen in this group of fertile donors argues against both of these notions. It is our view that the heterogeneous response of human sperm nuclei to SDS is more likely to be due to the highly variable transit time of spermatozoa through the human epididymis (Rowley et al, 1970) . Those spermatozoa which readily undergo nuclear decondensation in SDS may be structurally immature and their nuclei may be relatively poor in -S-S-bonds.
Our experiments with copper demonstrate that there are adequate sulphydryl groups available in these nuclei for oxidation to -S-S-bonds. Those spermatozoa with unstable nuclei may be those which pass most rapidly through the epididymal tract. Kvist & Eliasson (1980) (Kvist, 1980) . It has been suggested that during sperm transport and capacitation in the female tract, zinc is lost from the sperm cells, freeing thiol groups to participate in thiol-disulphide exchange reactions after penetration of the ovum (Kvist, 1980) . This hypothesis would thus suggest that at the time of fertilization sperm chromatin decondensation could proceed in the absence of a chemical contribution of the ovum, which others believe to be important (Thibault & Gerard, 1970; Calvin & Bedford, 1971 ; Usui & Yanagimachi, 1976) . We have found, however, that the nuclear stability of human spermatozoa, as assessed by treatment in SDS, does not change after capacitation in vitro (Blazak & Overstreet, 1982) . Furthermore, human spermatozoa can be readily capacitated in vitro in the presence of 125-500 µ zinc (Blazak & Overstreet, 1982) , which argues against the notion that loss of zinc from the spermatozoa is necessary for capacitation.
Since a significant proportion of ejaculated spermatozoa from fertile men are not extensively stabilized by -S-S-bonds, the possibility must be considered that such spermatozoa could initiate abnormal embryonic development. There is no evidence to suggest that the presence of relatively unstable nuclear chromatin in a spermatozoon would necessarily imply that the genetic material is also abnormal. However, the nuclear DNA of mammalian spermatozoa appears to become more accessible to chemical agents (e.g. actinomycin D) after treatment of the cells with compounds, such as DTT, which reductively cleave disulphide bonds Incharoensakdi & Panyim, 1981 
